Endotoxemia is associated with rapid and marked declines in serum levels of LDL and HDL by unknown mechanisms. To reproduce these lipoprotein changes in vivo, a single, small dose of endotoxin (E. Coli 0113, 2 ng/kg) or saline was administered intravenously in a random order, cross-over design to each of 6 normal volunteers after 4 days of a controlled diet. Shortly after endotoxin, subjects had mild flu-like symptoms and markedly increased serum levels of tumor necrosis factor and its soluble receptors, interleukin-6, cortisol, serum amyloid A and Creactive protein. At 3-4 h, TG, VLDL TG and NEFA peaked without an increase in TG palmitate that would indicate an increase in fatty acid synthesis. TG then abruptly declined to a nadir at 9 h, followed at 12-24 h by nadirs in cholesterol, LDL cholesterol, apolipoprotein B, and phospholipid (all subclasses). At 12 h, there was also a 3-fold increase in lipopolysaccharidebinding protein (LBP), but much smaller and later decreases in the activities of phospholipid transfer protein and CETP. Unexpectedly, HDL cholesterol and apolipoprotein A-1 levels were not affected, but almost half of the decrease in phospholipid was HDL phospholipid. In conclusion, the decrease in LDL in many inflammatory states was rapidly induced in normal volunteers with a single intravenous dose of endotoxin. The direction of the effect on TG and VLDL depended on the time after endotoxin exposure (first increase, then decrease). The selective loss of phospholipid from HDL may have been mediated by LBP and, after more intense or prolonged inflammation, could result in increased HDL clearance and reduced HDL levels.
INTRODUCTION
The release of endotoxin, or lipopolysaccharide (LPS), from the cell walls of gramnegative bacteria into the circulation precipitates an acute inflammatory response that often leads to shock and death (1, 2) . A less recognized component of the acute phase response to endotoxemia and a variety of inflammatory states in humans is a rapid and marked decline in serum levels of cholesterol, phospholipid, apolipoprotein (apo) B and A-1 carried in LDL and 4
In rodents, rabbits, and hamsters with distinctly different lipoprotein profiles and metabolism from humans, endotoxin raised cholesterol and LDL cholesterol (LDL-C) (15) . In contrast, a single dose of endotoxin given to nonhuman primates, with lipoprotein levels and metabolism more similar to humans, rapidly decreased LDL and HDL cholesterol ester, apo A-1 and HDL particle size by 24 h (16, 17) . In addition, endotoxin increased TG and VLDL, which has consistently occurred in other animal models due to increased fatty acid synthesis, increased VLDL production and/or decreased clearance (15) . However, in humans, TG levels are variably affected by infection (3) . In an uncontrolled study of normal volunteers, TG (and cholesterol) levels did not change from baseline at 2, 6 and 24 h after a single intravenous dose of endotoxin (18) .
Using this established model of endotoxemia in normal volunteers after a controlled diet,
we compared the effects of a single intravenous dose of endotoxin to saline on serum lipids, lipoproteins, and lipid transfer proteins. By matching the fatty acid composition of the diet to each subject's adipose tissue and comparing it to the composition of VLDL TG, we also determined whether endotoxin increased fatty acid synthesis and newly formed palmitate in VLDL (19) .
METHODS

Subjects
Six normal volunteers (3 males, 3 females, ages 23-35) were admitted to The Rockefeller University Clinical Research Center in a random order cross-over design twice for 8 days with a 6 week washout period between admissions. After a diet stabilization period, they received either a single intravenous dose of endotoxin or saline. Healthy volunteers, aged 21 to 45, who did not smoke or take prescription medications were eligible for the study. Body weight was at at PENN STATE UNIVERSITY, on February 23, 2013 www.jlr.org Downloaded from 6 kcal/meter 2 . On day 5, after the endotoxin or saline bolus (see below), the diet (except water) was withheld for 24 h and then given again for the next 2 days until discharge on day 8.
Intravenous Endotoxin or Saline Administration
On day 5, at 9 AM after a 12 h overnight fast, either endotoxin (US Standard Reference
Endotoxin from E Coli 0113, 2 ng/kg, 200 ng/ml sterile water) or saline in a plastic syringe was slowly administered intravenously over 1 minute, close to the 18 gauge catheter insertion site in the antecubital fossa. This was followed by a slow flush of 10 ml sterile saline and then a saline infusion at 20 ml/h. The endotoxin was stored as a lyophilized powder in single use vials provided by the Pharmacy Department of The National Institutes of Health, Bethesda, Maryland.
For hydration, additional saline was infused at 100 ml/h through an 18 gauge catheter in the other arm to total 120 ml/h for 24 h. Water by mouth was also encouraged.
Baseline vital signs were obtained twice 5 minutes before the injection and then approximately every 15 minutes for the first 3 h, every ½ h for the next 3 h, and then every 3 h for the remainder of the 24 h period. Blood pressure, pulse, respirations, EKG and O 2 saturation were monitored using a Datascope (first 2 subjects) or Hewlett Packard Veridia. Symptoms of headache, chills, muscle aches, backache, nausea and vomiting were recorded by the nurse as absent (0), mild (1), moderate (2), or severe (3). The principal investigator and 2 nurses were continuously present for the first 4 h after each endotoxin infusion.
Lipid and Lipoprotein Analysis
For the fasting specimens on Days 1, 4-8 and on Day 5, at 1.5 h, 3 h, and then every 3 h until the following morning, 7 ml of blood was drawn in EDTA on ice. The plasma was separated by low-speed centrifugation at 4º C for 20 min, and VLDL was isolated by density gradient ultracentrifugation. The fatty acid composition of VLDL TG was analyzed by capillary collected and analyzed by methods described above after slight modification (23). For all assays, the mean recoveries were greater than 85%.
To measure HDL size, serum lipoproteins were separated by flotation from 1.24 g/ml NaBr in a Beckamn TL 100 rotor at 100,000 RPM for 3 hr at 20 ° C. Native gradient gel electrophoresis was done on 4-20% Tris-Glycine polyacrylamide gel gradient gels from Invitrogen (Grand Island, New York) stained with Coomassie Blue (Bio Rad G250), as described by Nichols (24), and scanned by laser densitometry.
Lipid Transfer Proteins
Serum obtained at 0, 12, 24, 48 and 72 h after endotoxin or saline was assayed for the activities of phospholipid transfer protein (PLTP) and CETP in triplicate using assay kits Microplate Reader and SoftMax Pro software were used to collect kinetic data for 20 minutes.
Other Tests
High sensitivity CRP was measured by a latex enhanced immunoturbidimetric method on the Roche COBAS Integra. White blood cells were measured on a Bayer Advia 120 (Bayer Diagnostics, Tarrytown, NY). Cortisol was measured by enzyme-amplified chemiluminescence on an Immulite Analyzer by Diagnostic Products Corp. Catecholamines (epinephrine, norepinephrine and dopamine) were measured by HPLC in acidified urine collected from 6a-6p
and 6p-6a on the day of the endotoxin or saline injection.
Statistics
Means and SD or SE (figures) were calculated for 6 subjects at each time point. Twotailed paired Student's t-tests were performed to compare values after endotoxin or saline.
Simple linear regression was used to assess the relationships among the lipids, lipid transfer proteins and inflammatory markers. Statistical significance was defined as P<0.05. Excel and
SigmaStat statistical softwares were used.
RESULTS
Clinical Response to Intravenous Endotoxin
The incidence of clinical effects and average clinical scores after intravenous endotoxin are shown in Table 1 . All 6 volunteers manifested typical flu-like symptoms: headache, chills, muscle ache, backache, and/or nausea. These symptoms peaked at 1-2 h and resolved 6-9 h after the injection. One subject vomited and had a vasovagal reaction with a brief drop in blood pressure and pulse. Another subject received supplemental O 2 by nasal canula for peripheral cyanosis. The mean maximum oral temperature ±SD was 38.2 ± 0.4ÛC (range, 37.8-38.7 Û&) and peaked 3-4 h after endotoxin. The mean pulse increased from baseline (64 ±12 vs. 92 ± 18), but there was no significant change in systolic or diastolic blood pressure. There were no complaints or significant changes in vital signs from subjects after the saline injection. Baseline levels of endotoxin were low, but were 10 fold higher 5 minutes after injection of endotoxin compared to saline (7.7 ± 11.3 vs. 0.7 ± 0.5 units/ml).
Cytokines, Cortisol, SAA, and CRP
For all measurements, baseline values were not significantly different before endotoxin and saline injections. The top 3 panels of Figure 1 show that, as expected after intravenous endotoxin, serum TNF, IL-6, and cortisol rapidly and markedly increased (14) and then returned to control levels by 9 h. TNF first peaked at 1.5 h (381 ± 343 vs. 2.3 ± 3.2 pg/ml, P=0.02), then IL-6 at 2 h (3395 ± 2542 vs. 4.7 ± 6.4 pg/ml, P=0.02) and then cortisol at 3 h (36 ± 4.3 vs. 7 ± 3.5 ug/dl, P <0.001). The peak levels of TNF and IL-6 were positively correlated with each other (P=0.02). During the saline infusion, IL-6, but not TNF or cortisol, slightly increased above baseline (peak at 12 h of 19.2 ± 25 pg/ml).
The next 2 panels in Figure 1 show that the soluble receptors of TNF, p55 and p75, also sharply increased after endotoxin and peaked at 2-3 hours, but slowly declined to baseline levels over the next 48-72 h (peak p55-3.1 ± 1.1 vs. 0.8 ± 0.2 ng/ml; p75-10.1 ± 1.6 vs. 2.3 ± 0.6 ng/ml, P<0.01). The bottom 2 panels show that, compared to the cytokines, cortisol, and cytokine receptors, SAA and CRP more sluggishly increased after endotoxin, peaking at 24 h and then slowly declining (peak SAA 510 ± 259 vs. 6 ± 5 mg/L; CRP 30.8 ± 13.8 vs. 0.6 ± 1.1 mg/L, P<0.01). Both were still elevated compared to the saline period at discharg 72 h later (SAA 137 ± 166 mg/L vs. 7 ± 5; CRP 6.2 ± 3.1 vs. 0.5 ± 0.8 mg/L). Despite their parallel time course, SAA and CRP were not significantly correlated with one another or with the cytokines.
These concentrations of the cytokines and acute phase proteins after endotoxin were within the ranges reported in acute inflammatory disease (3, 4, 25 
Other Markers of Inflammation
The expected changes in white blood cells occurred after endotoxin: an initial, sharp decrease at 1 h (3.0 ±0.6 vs. 5.6 ±1.8 thousand cells/ul, P=0.02), then a marked increase between 6 and 9 h (14.9±4.4 vs. 6.0±2.0, P=0.03), 90% as neutrophils, then a slow return to baseline by 48 h (data not shown). Two hours after endotoxin, the platelet count transiently decreased 17%
from baseline values. In 4 subjects with complete urine collections, total urinary epinephrine in the first 12 h after endotoxin was twice that after saline (10 ± 5 vs. 5 ± 4 ug, P=0.05). The mean values for norepinephrine and dopamine in the first 12 h urine collection were also higher after endotoxin than after saline, but the differences did not reach statistical significance. Figure 2 shows the sequential changes in serum lipids and lipoproteins following intravenous endotoxin and saline. After saline injection, all lipid and lipoprotein levels except NEFA slightly declined from baseline levels, as would be expected after a 36 h fast and dilution from intravenous fluids, and returned to baseline by 48-72 h. NEFA levels plateaued above baseline levels at 9-15 h of fasting and were back to baseline at 48 h.
Changes in Lipids and Lipoproteins
After endotoxin at 3-4.5h, shortly after the sharp peaks in TNF, IL-6 and cortisol, NEFA and TG peaked 106% and 26% above control values. The % increase in NEFA and TG were inversely correlated with each other (r=-0.85, P=0.03) and positively correlated with maximum IL6 and CRP (P=0.03 for both). NEFA and TG then abruptly declined so that at 9 h, NEFA was at control values but TG was 24% below control levels, returning to control values by 18 h.
VLDL TG changed in parallel with the total TG (data not shown).
Following the decline in TG were small (11-20%) but significant declines in total cholesterol, phospholipid, LDL-C and apo B below control values, reaching nadirs 12-24 h after FPLC in the same subset confirmed that similar amounts of Apo-A1 migrated only with HDL lipids and SAA. Furthermore, in this subset, there was no effect of endotoxin on HDL particle size measured by non-denaturing gradient gel electrophoresis (data not shown).
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www.jlr.org Table 2 shows that the decline in phospholipid after endotoxin was due to declines in all phospholipid subclasses (PC, LPC, SM, PE, PI/PS). A reciprocal decrease in PC and increase in LPC, as would be expected from increased activity of secretory phospholipase A2 (26,27), or a selective decrease in SM from increased activity of secretory sphingomyelinase (28), were not observed. The fatty acid compositions of PC (Table 2 ) and other phospholipid subclasses (not shown) showed no meaningful differences between endotoxin and saline treatments. Thus, there was no evidence for an effect on the esterification or hydrolysis of a specific phospholipid fatty acid.
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Composition of Phospholipid Subclasses
Lipid Transfer Proteins
The decrease in all classes of serum phospholipids after endotoxin could be due to a change in the activity of one or more phospholipid transfer proteins, with increased transfer of phospholipid out of the plasma into tissues or decreased transfer from tissues into plasma. The 3 main lipid transfer proteins reported to shuttle phospholipids in serum, LBP, PLTP and CETP, were differentially affected by endotoxin. As shown in the top panel of Figure 4 , the concentration of LBP markedly increased 3-fold, peaked 12 h after endotoxin compared to saline and was still slightly elevated at 72 h. Of note is that the time of the peak increase in LBP coincided with the peak decrease in phospholipid. There was also a positive linear relationship between the maximum level of LBP and the maximum % decrease in phospholipid (but not HDL or LDL phospholipid) of borderline statistical significance (P=0.047).
In contrast, shown in the lower panels of Figure 4 , the activities of PLTP and CETP were reduced only 23 and 10% at later times after endotoxin and with more variable time courses.
The slight effect of endotoxin on CETP, which exchanges HDL cholesterol ester for VLDL and A predominant effect on LBP has also been reported in surgical patients 24-48 h after the onset of acute systemic inflammation: LBP was increased 10 fold, CETP activity was slightly decreased, and PLTP activity was slightly increased compared to healthy controls (4).
Fatty Acid Composition of VLDL TG
Since the composition of the dietary fat was matched to each subject's adipose tissue, an increase in fatty acid synthesis would have been manifested by an increase in the saturated fatty acid, palmitate (16:0), and a decrease in the essential fatty acid, linoleate (18:2), in VLDL TG compared to TG in the diet and adipose tissue (19) . Table 3 illustrates the lack of difference in the percentages of the major fatty acids in VLDL TG for 72 h following the injection of endotoxin compared to saline. Therefore, the increase in TG after intravenous endotoxin did not appear to be due to an increase in triglyceride synthesis from newly made fatty acids. There were no significant differences between endotoxin and saline treated groups (P>0.05).
DISCUSSION
